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THE STRENGTHE AND STIFFNESS OF SHEAR WEBS WITH ROUND
LIGHTENING HOLES HAVING 45° FLANGES

By Paul Kuhn
SUMMARY

Tests were made of 18 shear webs with round lighten-
ing holes having 45° flanges. The purpose of the tests was
to extend the ranse of & previdus inveastigation to larger
ratlos of hole diameter to wed depth and of web depth to
wab thicknsss. Simple empirical formulas are glvan for the
strength and the stiffness of shoar webs; these formulas
incorporate the results of tho previous investigation.
Doslgn charte aro also givon to facllitate ths application
of tha results.

INTRODUCTION

As part of a genural investigatlon on shear webs, a
number of wabs with flanged, round lightening holes had been
tested and an emplrical formula for the strongth of the webds
bhad been obtained (raforonce 1). Although the number of spoc-
imone was falrly largs, tho rangs of some of the variables
was quito limited in comperison with the rango that might be
possldblo in actual constructlon. In the develaopment of:the
strongth formula, an attempt was meda to compensate for this
inndequacy of the test data Dby considering limiting cases in
order to find a formula that might give reasonabls accuracy
when extrapolated beyond the test range. In view of the-
narrow range over which the formula was actually verified,
however, 1t was conslidered desiradble to maks .et least a small
number of tests of webs having 1erger ratios of hole diameter

-to webd depth and of webd depth to web thickness.

The Bell Aircreft Corp., which had contributed the spec=
imens for the original investigation, cooperated by furnishing
the spsclmens for thls extension of the work.

1he dats contained in this report superséde the part of
reference 1 iealing with weds having lightenlng holes with
459 flanges,




SYMBOLS

The symbols used 1n the present report are contalned
in the following list. All longths are expressed in inches}
all stresses, in kips per square 1inch; and all loads, in kips,

D clear diameter of hola

L length of spacimen

P any load actling on shoar wabd in jig

Pav average value of cecollapsing loagd

- Pg load at which permanent set was measured
Pa11l allovable load suggested for use in design

Poo11 load causing collapse of specimen

Por load cauwsing buckling

S transverse saeer force on web

v volume of web materisl per inch run, cubic inches
per 1lnch

b hole spacing, center-to-~center

o length of epace between holes (b-D)

c!t flat portion of length ¢

h depth of web (rivet line to rivet line)

Lg effective length of so0lid webd

t thickness of web

n factor for shear astlffness at any load within
elastlic range

No factor for initial shear stiffness

T shear stress



S P S Lt o

ar o demagr—g

1325

: 3
Ter eritical shear stress (theoretical)

To " shear stress causing collapse of a long plate of
width o and thickness t (from curves for
Taoll in fig. 3) ‘ .

Th shear strees causlng collapess of a2 long plate of
width h and thickness t (from curves for
Tcoll in fig. 3) T

Te - critical shear gtress of a long plate of width
er c. and thickness t, assuming supported edges
(from curve for T,, in fig. 3)
™y critical shear stress of a long plate of width
or h and thickness t, assuming supported edges
(from ourve for T,p in fig. 3)
Teoll shear stress causing collapse of a web. ¥With a

perforated wob, the stresse is based on the
gross section. TUnless the stress in a per-
forated wed ls specifically designnted ox-
perlmental, the stress calculated by formula
(4) is mecant.

kav' kall correction factors
TEST PROCEDUREY

Dest specimens.- The important dimensions of the test
gpecimeéns are given in tables 1 and 2, The material of all
specimena wags 248-T aluminum alloy. The flanges around the
holes were the manufacturer's standard flanges of nominally
45%°; the ratlo of the clear diameter of a hole to the root
dlameter was about 0.9, The standard shape of specimen
chosen 1s shown 1in flgure 1, On some specimens, the flanges
at the ends of the specimen were reinforced by riveting a
strip of 0.,125-1nch steel to them.

Test Jlgz.~ The test Jlg was the ons descrlibed in refer-

‘ence 1. The method of attaching the specimens to the Jig

was modified, however, in that the specimens were not bolted
between the Neavy loading.bare of the Jig. Instead, two
steel strips 0,125-inch thick were bolted between the two
sets of loading bars in such a manner that a 'l-inch width of
each strip was left exposed. The specimens overlapped these
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exposed widths of the steal strips and were riveted to
them, The photograph of the test setup (filg. 2) shows
these and other detalls,

- Loading procedure.- Small loads were applied to the
epecimen and the Jjig was adjusted until the dial gages on
the two sides of the specimen gave approximately equal read-
ings. On most specimens two teet runs were made, the flrst
one to an arbitrarily selected load to check for the exist-
ence of permanent set, the second one to the load at which
the specimen collapsed. Dlal gage readings were taken at
each increment of load until the rate of deformation be=-
came excesslyve.

TEST REISULTS

heck tests on. sollid wabgs.~ The loade-displacement curves
obtained 1n the previous ipvostligation had shown large irregu~
laritiess that were attributed to play in the bolt holes (refer-
ence 1l). Tho change from bolted attachment to riveted attach-
mont was made partly to alleviate thie difficulty. For the
purpose of comparling the two. methods of sttachment, three

woebs wlthout holes were tested. The dlmenslons of theso webs
end the test results are given in table 2. In agreement with
the method of calculation used in reference 1, the effective
length Lg of the specimena was taken as

LHL--
e 2

for the computation of the collapsing stresses, The stresses
deslgnated calculatsd are based on the empirical curves for

Tecoll &£iven in figure 3. The ratlios of experimental to cal-

culated strength for the threa check tests are higher than
the average ratlos developed in the tests of reference 1, but
they are about equal to the highest ratios developed in those
tests.

The load-displacement curves are shown in figure 4; thay
ara frece from the 1rragu1ar1ties found in many of the tests
of reference 1, The loads.at which the curves.depart from
the straight line agree closely with the_loads - at which the
first buckles were observed., The critical -loads thus defined
experimentally fall between the critical loads- calculated by
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. atandard formulas for flat platee with supported edgzes and

with clamped edgss, regpectively, At loads below the crit-
ical, the observed displacements agree with the calculated
displacements within the probadble error of reading the dial

Zages,

"Method of evaluating teste of perforated webg.-~ It will
be assumed in the analysic of the tast data that there 1s no
ineffectiveness at the ends of the shear webs. This assump=-
tion probably represents the actual conditlons 1n the test
spacimens falrly vell, because all specimens had flanged cnds.
The assumption of no ineffoctivenﬂsa is congervatives whereas
any assumption of 1neffective ends, such as was made. Iln:-refer-
ence 1, may be unconservative. (Note that this statement
applies only when allowable stresses are being derlved from
test results; in stress analysils, the oppoeite would be true.)

Joad-displacement curves and shear-stlffness facto;g\-
The load-~displacement curves 5f all specimens with lightening
holes are presented in figure 5., It may be noted that no
irregularlities appear in these curves; this fact tends to con-
firm the bellef that the lrregulerities found 1in the tests of
reference 1 were caused by play in the bolt holes,

The shear displacement of a perforated web may be cal=-
culated by the standard formula for chear displacement of
a sollid wed 1f the actual thickness of the web 1s replacsed
by a reduced effectlve thickness. The reductlion factor, or
efficiency factor, designated by n, may be obtalned exper-
imentally, Because the load-iisplacement diagram deviates
from the initlal stralght line at the.-critlical load that
causes buckling of the sheet between perforations, it is
necegsary to give spparate factors for the inltlal stiffness
at low loads and for the stiffnesses at high loads, Ip anal=-
ogy with the elastle moduli, the atiffneases at high loads may
be defined by tangents to the load-displacement curve or by
secants, Only the definitlion by secants will be used in
this paper.

The experimental factors for initial shear stiffness,

deflned by the straight-line parts of the load-deformation
diagrams, can be represented falrly well by emplrical formula

SECEDIERN ) (1)



In figure 6 are shown the ratios of the experimental factors
to the factors calculatecd dby this formula. The najorlty of
the test polnts fall within & 15 percent scatter band, but
there appears to be a sllight decrease in the factor as the
ratio h/t 4increases.

The inltlal shear stiffness is malntained until the
critical load 1s reached; as the load passes the critical
value and buckles form, the shear stiffness begins to de—
crease, Of practlcal interest in stress analysis 1s the
shear stiffness at the design yleld load. EZExperimental
values were obtained from the load~deformation curves for
an assumed design yleld load equal to two-thirds the allow=
-able load defined by equation (8), which appears later. TFig-
ure 7 indicates that a generally conservatlve estimate of the
shear~stiffness factor at the design yield load, or at any
other load P within the elastlc range, may be obtained bdy
the .formula :

: . .
n=n, ;1‘ (P > Pcr> ) (2)

The critical loads used to establish the points on figure 7
were calculated .by formula (3), given in the following section,

Attention 1ls called to the narrow range of P/P,, over
which formula (2) has been verified; the formula ahou d not
be used too far beyond thils range.

Critical load.- The critical load at which buckling
begins between the perforations was determined by Inspection
and 1s indicated by 5 circla on each dlagram of figure b5,

It may be noted that the critical load determined in ‘this
manner agrees falrly well with the load at which tho loade
displacement dlagram departs from the initial atruight line,
The critical load can be reprosented by the empirical formula

. ¢! )
Per = Lt.[ Thep (1 - ) Toor h] L (3)

The criticel load calculested by thisg formula is indiecated on
each dlagram by a ‘horizontal line, The calculated load 1e
high for a number of spoecimens; but, becauss this discrepancy
may be explalned by lack of initiel fletnoss and becauss the
practical importance of tho critical load is slight, no
attempt was made to improve the formuls.
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.. Collapsing load.- The experimental collapeing loads

are glven in table 1. The enalysis of the teats showod
that & new formula was needed because the empiricel formunla
for collapsing atress, developsd in reference 1, becomas ’
very uncoaservative for large values of h/t and of D/h.
It was found that the stresses can be represented approxi-
mately by the formula

Teoll = [Th ‘(1 - @)a)“ +c/§]%"' (-4)

The stress glven by formula (4) 1s the setross on the gross
gection, The strass on the nat ssctlon betwaen holes 1ls
obtained by omitting tho factor ¢!/d from tho formula,

Tho ratlos of the sxperimental strossce to the strcsees
calculated by formula (4) are plotted in figuro 8 against the
ratio hf/t. The ratio of experimental to calculated etress
apparently decreases somewhat as the ratio h/t increases;
the decrease can probably be explained largely by the diffi-
culty of producing flat especimens as the ratio h/t increases,

Flgure 8 may be uaed to derlve correction factors k
for the shear stress T,,17 &8s indicated by the curves k

and kgzj3j. OCurve k,y Tepresents a correctlion factor in-
tended to make formula (4) represent the average of tho test
data and is gilven by the equation

av

k. =]|1=23.5 ? 5
av [ 10001;)] (5)

Curve kall repregents a correction factor lntended to give

a conservative allowabdle load for design purposes and is
glven by the equation

k.7, = (0.85 ~ 0,0006 h/t) - (s)

The equation

Pav = Koo I8 5013 (7)




gives an average value of the collapsing load, and the
equatlon

Pa11 = ka11 LtTo013 (8)

gives a conservative allowable value of the collapsling load.

Inspection of figure 8 skows that most test points
fall within a =15 percunt scatter bend about the curve rep-
resenting k.., with all distinct "mlsees" falllng above the
band, The stresses Ty and T, 1n egquation (4) are based

on the empirical curves of figure 3. A study of the data
on which figure 3 1s bgsed and o7 the sheck tests presented
in table 2 indicates that the curves of flgure 3 may be
conservatlve by more than 30 percent, A scatter band of
x15 percent width 1ndicates, therefore, that formula (7)
represents the tests of parforated wads as well as the
accuracy of the baslc curves of figure 3 will permit,

Inspection duriag tha last stages of the tests, after
the dlal gages had bssn removed, gave the impreesion that
some speclimens deformed much more than others before cole
lapsing. This observatlion indicates that the tormination of
the useful life of a speclmen might be deflined better by the
load~dieplacement curve than b7 the collapse of the specimen.
A tentative appilcatlon of thls method was made by defining
the useful ultimate load by the intersection of the load-
displacement curve with a secant from the origin having a
slope equal to one-~third the slope of the inltial tangent,
The value fMone-third" was chossan to make the definition
applicable to all tests. The slope used was determined dy
the specimen with the smallest deformation., The loads defined
by the secants average about 9 pesrcent lower than the col=-
lapsing loads., The interesting point, however, 1s the scatter
from the mean of the ratlios of the experimental loads to the
loads calculated by formula (7). When the collapsing loads
wbre used, the average deviation from the mean was 0,12; when
the loads determined by the secants were used, the average
deviation from the mean was ozly 0,07, in spite of the fact
that some of the load-displacement curves had to be extra~
polated.

Bevised analysis of previous strength tests.- The tests
on webs with flanged holes described in refersnce 1 were
roanalyzed for comparison with the new formulas, The results
of the analysis are plotted in figure 9 and show that, for
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specimens with reamed holes, formula (5) represents the

" average ‘falrly well, and formula (6) glves conservative

values for design. Of the specimens with drilled holes,
a few fall below the design curve, which sugzests that the

.allowable loads given by formula (8) should be reduced some-

what when the webd 1s attached by bolts that may develop play.

Deslgn charts.- In order to faclilitate the application
of the formula for allowable load, a set of design charts is
presented in figure 10. The charts aro based on formula (8),-
but for convenlencoe the running shear load S/h = Pg331/L 1is
plotted rather than the shear load 1tself,

If the depth, the thlicknesa, and the hole dlameter of.a
web are held fixed while the hole spacing is bdelng varled,
one certaln hole spaclng wlill be found to glive a maxlimum
strength~-welght ratio of the web (refersnce 1l). Figure 11
is a deslgn chart, based on ths assumption that the optimum
hole spacing 1s usad. The lines of constant welght drawn
on this chart are almost horizontal, which indicates that the
strength-welght ratlo is nearly Independent of the hole sizo
for a wobd of glvon dopth and givon strongth. Over a limited
reglon, the llnes af constant welght have a definite upward
slope at large values of D/h, wihich indicates that the
strength~-weight ratio 1s improved somewhat if the largest
possible hole 1s used, This gain should be balanced against
the accompanylng loss 1n shear stlffness.

Permanent set.-~ Checks for permanent set were made on
15 specimens, as listed in table 1. In order to be of maxXimum
value, these checks should have been made at loads correspond-
ing to the design yleld loads, that 1s, at 0.67Pg11 or slightly

higher, depending on the design requirements chaosen., It was
not posslible to predict . at the time the tests weare
belng made, and it was dos%rud to avold damage to the specil-
mens by the set tests. The loads chosen for the set tests,
therefore, were in general lower than °-57Pa113 as table 1
showse, however, only two teats out of 15 were more than 20
percent below 0,67P,31, and six tests were above this value,
No permanent set was found 1ln any specimen, a fact tending to
confirm the view that the permanent set in the especimens of
reference 1 was caused largaly by slip in the bolted Joints.,
A study of the avialable esvidence indiocates that the shear
gtress in the net saction bastween perforations may be a
practical criterion for estimating the permanent set, but

the evidence 1s insufficlent to allow quantitative conclusions.
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DISCUSSION OF FORMULAS

The tests presented 1n this paper, together with the
teetes of reference 1, cover a range of parameters approxi-
mately as follows:

0.15 < D/h < 0.75
2 < b/D< 2.6 for D/h ® 0,15 and 1,5 < b/D < 2.6 for D/h>0,3
45 < h/t < 300

0,14 <'¢c/h < 1,4

The formulas glven for the stiffness and the strengh of
perforated webs chould be applicable in this range. The
coverage 1s much less complete iIn the range of the new tests
(0.5 < D/h < 0.75; 150- < h/t < 300); some caution should’
therefore be used 1n thls rengo,

A study of formula (4) when the parameters approach
limiting values indicates that the formula probadbly bdecomes
congservative in two limiting cnrses; webs with large holes
spaced far apart, and webs with small holes closely spaced.
The second case may be dismissed as of small practical in-
terest, but the first case 1s of some use. Formula (4) glves
for this case (D/h-» 1; ¢ >> h)

= c!
Teoll = e 5y

The correct value evidently ls

: rogl

coll h b
provided that lneffectlveness at the ends of each segment 1is
neglected, an essumpition that may be interpreted as requiring
roughly ¢ > 10h, §Specimen 5 with c/h = 1.4 gave cloae
agreement betweon exporimental and calculated strength. Con-
sequently, the consarvativencss of formula (4) indicated dy
consideration of the limitlng case ¢ »>> h pshould not be
expected to exist until the ratio e¢/h 1e far above 1.4,

It should be remembered that the test webs were attached
to flanges of very great stiffnoss. Actual webs may bs
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attached. to flanges of low stiffness and strength and
special conelderation must be- given to this factor when
necessary, particularly when the ratilo D/h 1is large.

¥Yhen the holes are large, 1t may become necessary to rely

on the attachment flanges to carry part of the shear across
the raglon of the hole; the strength and stiffness of the
structure will then depend not only on the propertles of the
web but also on the properties of the attachment flanges.

CONCLUSIONS

The most important conclusions drawn from the analysls
of the tests on shear wabse with flanged, round lightening
holes are as follows: :

1. The strengths of the webs may be related to the
strengths of solid unstiffened webs by A simple emplrical
formula., The mccuracy of the strength »nrediction 1s adout
equal to the accuracy of the strensth pradictlion for solid
unstiffonod waebs, which is basad on cmplrical curvos,

2. The shoar stiffnessos of the webs may be predicted
by simple emplrical formulas with about the same degree of
accuracy as the strengths.

3. Shenr webs deslgned for a given ultimate loed by
the proposed design formula will probably show no permanent
set at the deslgn ryleld load unless the shear stiress over the
net sectlon between holes 1s about equal to the yleld stressg,

Attention 1s directed to the fact that the results apply
directly only when the flanges to which the webs are attached
. are not highly stressed by the shear force in the web, Spe=
clal conslderation must be given to webs with large holes and
veak attachment flanges.

lLangley Memorial Aeronautical lLaboratory,
National Advisory Committes for Acronautics,
Langley ¥leld, Va.,
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TABLE 1
PERFORATED SHEAR WEBS

Dimensions of specimens

3
1
A Y
.
Vo
Y

-

vy

———

B T VIR TN

Specimen L t h D b c ¢
(@) (in) (in) (in) (in) (in) (in) (in)
1 3063 (00202 402 | 263 4.38 175 .38
2 3325 0320 4,02 263 4.75 2.le 1.75
4 4025 0526 406 263 5.7 3.2 2.75
5 B775 0614 405 263 8.25 5.62 5,31
6 4025 0200 500 350 575 2.25 {.75
7 42.00 0324 5.02 350 6.00 250 2.00
8 4288 0426 5.08 350 6.13 263 2.13
9 4550 .0527 500 350 650 3.00 2.50
10 5250 .0619 5.02 350 750 400 | 350
11 4900 0200 6.02 450 7.00 250 200
2 4900 0327 6.02 450 700 2.50 2.00
13 5250 .0406 6.00 450 150 300 250
14 54,25 .0510 6.05 450 775 325 275
o} 5775 .06!1 6.05 450 8.25 375 325
16 54.25 0326 | 1005 450 175 325 275
17 5425 0383 [ 10.00 450 775 325 2.75
18 56.00 0539 10.03 450 8.00 3,50 300
19 5600 0613 1006 450 8.00 350 3.00
Test resuirs
SpecmeniExp. RolCale. Py | Exp. | By P R £ xp. Tlred
P 'CFI% ! 06Thn oro-gw%g g
@ | (kips) | (kips) (ps) | (kips) (<rsAqin
] 2441 2581 0.94 2.19 —~ — 0288 [0214 | 125
2 6.43 7.38 87 6.07 — — 304 | 1642
4 2070 | 24851 .83 [ 2038 1280 ] 0.94 | . 363 | 2046
5 4640 | 4705 99 | 3869 | 1840 Tl 496 572 | 2032
6 23l | 238 97 2.12 1.30 .92 . 149 | 944
7 6.8 | 707 89 582 500 |.29 215 27 | 1386
8 1510 12.83] 118 [ 1048 475 68 257 | 2382
Q 2160] 2/.18| 1.02 17.31 940 81 295 | 2340
10 2800 | 3406| @8 |27.89] 1670 80 351 | 1845
il 2234{ 215 1.03 2.10 1.70 | 1.2} 12 794
12 5531 668 83 ] 559 425 | 114 A57 | 1207
13 14401 1153 1.25 849 525 83 220 | 2029
14 2070 [ 1920 | 1.08 | 1569| 1000 .96 299 | 2108
15 2365 | 29.66 80 | 2420 | 1530 95 331 | 170
16 540 | 4.841 112 | 480 350 109 200 | 8&0
17 13.5 | 737 719 | 068 650 | 1.46 265 | 1783
18 12230 17031 131 [ 14281 — — 303 | 1970
19 12440 2242 | 109 | 1858 | 1350 | 1.09 318 [ 1895
& Specimen 3 not tested.
TABLE 2
SOLID SHEAR WEBS
Specimen|  Le 1 h Reoll Exp | Cale. | Exp.
| ST e
{in) {in) (in) {kips) llkips sqinfkips/sqin)
21 6356003431 .00 1 2620) 12331 833 [ 1.48
22 163.13] .03b1] 6.00 12080 940 ]| 7.08 { 1.33
23 |6f.06] 0344110001 11.30} R.38| 414 | 1.30
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Fig. @2

Figure @.- Test jig in operation.
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